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Plasma membranes regulate the inﬂux and efﬂux of molecules across themselves and are also
responsible for primary signal transduction between cells or within the same cell. Presence of lat-
eral heterogeneity and the ability of reorganization are essential requirements for effective func-
tioning of biomembranes. Lipid rafts are small, heterogeneous, dynamic domains enriched in
glycosphingolipids, sphingomyelin and cholesterol, and profoundly inﬂuence membrane organiza-
tion. Glycosphingolipids are inclined towards formation of liquid-ordered phases in membranes,
both with and without cholesterol; they are therefore prime players in domain formation. Here,
we discuss the role of glycosphingolipids in microdomain formation and their spatial organization
within these rafts.
 2009 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Historical background
In early 17th century, with the advent of microscopy, it was
proposed for the ﬁrst time that all animal and plant tissues are
made up of unit called cells. However, it was about 200 years later
in the 19th century only, that it was accepted that there exists
some form of semi-permeable barrier around cells. Quincke was
the ﬁrst scientist to assert that the cell membrane was of ‘‘lipid”
nature. This was further evidenced by studies carried out by Meyer
and Overton. Therefore, by early 20th century the chemical nature
of cell membrane was elucidated, the structure nevertheless still
remained elusive. In 1925, two breakthrough experiments shed
light on this subject. By carefully analyzing the erythrocyte mem-
brane Fricke determined that the cell membrane was approxi-chemical Societies. Published by E
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isc.ernet.in (A. Surolia).mately 3.3 nm thick; soon after, Gorter and Grendel put forth
evidence that it exists in the form of a bilayer. Over the next few
decades, advancement of technology and procurement of better
tools enabled detailed characterization of the membrane and con-
ﬁrmed the fact that it is indeed a lipid bilayer and also that proteins
are an integral part of the membrane (although their proposed role
remained controversial). Eventually in 1972, Singer and Nicolson
proposed the ﬂuid mosaic model of cell membrane where mem-
branes can be considered as a two-dimensional liquid where all li-
pid and protein molecules (partially or fully penetrating the
membrane) diffuse freely [1]. Up to a decade after the proposal
of the ﬂuid mosaic model it was widely accepted that the lipids
and membrane proteins were randomly distributed in the cell
membrane. Modern biophysical techniques however, attest that
the membrane contains several different structural elements
which can be classiﬁed as (a) lipid rafts, (b) protein complexes,
(c) structures supported by actin cytoskeleton and (d) synapses
and desmosomes. This article focuses on the membrane microdo-
mains called lipid rafts; its properties, structure and function.
2. Introduction to lipid rafts
Broadly speaking, lipid rafts can be deﬁned as cholesterol and
sphingolipid-enriched microdomains or platform found within
cell membranes. These specialized membrane microdomains
are known to compartmentalize cellular processes by serving
as organizing centers for the assembly of signaling molecules,lsevier B.V. All rights reserved.
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and regulating neurotransmission and receptor trafﬁcking. Lipid
rafts are more ordered and tightly packed than the surrounding
bilayer, but ﬂoat freely in the membrane bilayer.
The membrane lipid bilayer can exist in two main phases
depending upon the temperature, the gel phase or the liquid phase.
Each bilayer, depending upon its composition and degree of unsat-
uration, has a characteristic melting temperature Tm. At tempera-
tures below Tm the bilayer exists in the gel phase where the lipid
moieties are ordered and have restricted movements. Above the
melting temperature, lipids in the bilayer are ﬂuid and disordered
which is termed as the liquid-disordered (ld) or liquid-crystalline
(lc) phase. However, due to the presence of heterogeneous lipids
and cholesterol in the bilayer, phase separation is observed in bio-
logical membranes. A liquid-ordered phase (lo) separates from the
ld phase which exhibits properties transitional from gel to ld
phases. This phase is remarkably ordered like the gel while retain-
ing the translational mobility of a ﬂuid. Clusters of these lo phases
are termed as microdomains or lipid rafts. They may consist of
small molecular clusters or large ones measuring up to several mi-
crons in size (therefore called microdomains). These domains are
dynamic in nature, i.e. the entire structure is disintegrated and
re-formed continually or its constituents molecules are replaced
by new ones; therefore their lifetime ranges from nanoseconds
(small clusters) to hours (desmosomes) [2–5].
The key difference between the lipid rafts and the membrane
bilayer from which they are formed is the lipid composition. Rafts
contain cholesterol and sphingolipids at concentrations up to 50%
higher than rest of the membrane. Instead, phosphatidylcholine
levels are diminished to offset the excess sphingolipid levels
(which also contain choline moiety). However, it is emphasized
that sphingolipids still remain the minor component and phospha-
tidylcholine the bulky component of the domain. The hydrophobic
alkyl chains of lipids within the rafts are more saturated compared
to the surrounding bilayer and hence tightly packed. Cholesterol is
the dynamic ‘‘glue” that holds the raft together. Due to the rigid
nature of the sterol group, cholesterol partitions preferentially into
the lipid rafts where acyl chains of the lipids tend to be more rigid
and in a less ﬂuid state. It should be noted that cholesterol has the
ability to pack in between the lipids in rafts, serving as a molecular
spacer and ﬁlling any voids between associated sphingolipids. It
has been observed that if cholesterol molecules are sequestered
from the membrane lipids, raft formation does not take place. It
therefore plays a very important and dominant role in raft forma-
tion and stabilization [4–6].
Detergent insolubility is mainly used to deﬁne raft domains bio-
chemically in biological membranes. The lipid rafts which are
recovered as low-density fractions after cold non-ionic detergent
extraction and are cholesterol, sphingomyelin and glycolipid rich,
are often also known as detergent-resistant membrane (DRM) or
detergent-insoluble glycolipid-enriched complexes (DIGs) or gly-
colipid-enriched membranes (GEMs) or low-density Triton insolu-
ble complexes (LDTIs) [7,8]. Raft domains are thought to play
central role in coordinating several cellular processes such as sig-
nal transduction and protein sorting. They are believed to organize
membrane proteins and lipids to regulate the intensity of multiple
signaling cascades and membrane trafﬁc. Besides cholesterol and
sphingolipids, rafts are also rich in lipid-modiﬁed proteins such
as caveolins, ﬂotillins, Src-family kinases and glycophosphatidyli-
nositol (GPI)-linked proteins [9]. Based on composition two types
of lipid rafts have been proposed: planar lipid rafts (also referred
to as non-caveolar, or glycolipid rafts) and caveolae. Planar rafts
are deﬁned as being continuous with the plane of the plasma
membrane (not invaginated) and by their lack of distinguishing
morphological features. It has been proposed that these microdo-
mains spatially organize signaling molecules to promote kineti-cally favorable interactions which are necessary for signal
transduction. Conversely, these microdomains can also separate
signaling molecules, inhibiting interactions and dampening signal-
ing responses [10].3. Glycosphingolipids in microdomain formation
Glycosphingolipids, sphingomyelin and cholesterol, are all
found in DRM fractions. This nonetheless is non-suggestive of the
fact that they co-localize in the same domain. Several studies car-
ried out on biological membranes have substantiated the fact that
different species of sphingolipids can be found in different regions
within the same membrane. Interestingly, it has also been ob-
served that glycosphingolipids are capable of forming glycosignal-
ing domains on membranes (glycosynapses) without the
participation of cholesterol [11–13]. These domains contribute to-
wards intercellular interactions and recognition events. Glyco-
sphingolipids demonstrate varied structures that are dependent
upon their different acyl chains and head group compositions.
Minute changes in structure of the molecules are known to greatly
inﬂuence their behavior in microdomains [11,14].
As early as the 1970s, before the term ‘‘lipid raft” was coined,
several evidences existed which demonstrated that membrane
composition inﬂuences clustering of glycosphingolipids in the
plane of the membrane. Hence, it is instructive to discuss the dis-
tribution of glycosphingolipids in model membranes, namely ‘‘lip-
osomes”, with or without cholesterol and their consequence on
lectin binding and agglutinability. One of us had shown earlier that
the binding afﬁnity of Ricinus communis agglutinin (RCA1) to glyco-
sphingolipid (GM1 ganglioside) receptors embedded in liposomal
membranes was independent of the density of GM1 ganglioside
on their surface [15]. Interestingly however, the rate of agglutina-
tion of these liposomes was strikingly inﬂuenced by the density of
receptors in the plane of the membrane. A mere twofold increase in
the density of GM1 increased the rate constant of the aggregation
of liposomes by a factor of 20. Such a dramatic increase in rate con-
stant of aggregation of the glycosphingolipid bearing liposomes is
not explained by mere statistical increase in the density of receptor
sites on the membrane surface. Hence, Surolia et al. [15,16] sug-
gested that this overwhelming increase in the rate of agglutination
of liposomes could be explained to be a result of clustering of the
glycosphingolipid receptors with an increase in the ratio of glyco-
sphingolipids:phospholipids in the plane of the membrane. These
ﬁndings were later on followed and appreciated by a large number
of investigators [17,18].
The observed effects of increase in the density of receptors on
faster agglutinability of liposomes with higher density of glyco-
sphingolipids can be understood easily by the fact that aggregation
of liposomes would require apposition of at least two liposomes to-
gether, cross-linked by several lectin molecules (Fig. 1), which
would be accomplished in a much more facile manner if glyco-
sphingolipids had a clustered distribution in the plane of the mem-
brane instead of a uniform one. Clustered region of membrane
GSLs with bound multivalent lectin molecules such as RCA1 would
allow probability of more liposomes coming together causing their
faster agglutination, as is observed experimentally. Interestingly,
the catalytic efﬁciency of neuraminidase to hydrolyze sialic acid
from ganglioside was also ascribed to their better presentation
on the membrane surface [19].
Another important observation pertains to the role of choles-
terol in changing the orientation and distribution of glyco-
sphingolipids in the membrane [20]. While ﬂuidity was shown
by them to have a moderate inﬂuence on agglutination of lipo-
somes, incorporation of cholesterol increases the rate constant of
aggregation of liposomes, which in turn indicates that cholesterol
Fig. 1. (A) A uniform distribution of glycosphingolipids on liposomes indicates
weak cross-linking and limited interaction between neighboring molecules as seen
in (a–c) and therefore limited aggregation mediated by lectins is observed. (B)
Clustering of glycosphingolipids receptors in the plane of liposomal membrane
enhances the rate of agglutination as several lectin molecules help in cross-linking
and hence holding together of two or more neighboring liposomes. In this
orientation, aggregation proceeds in a facile manner.
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similar effect of cholesterol on the recognition of the ganglioside
GT1 in liposomes was also noted [18].
In summary, these early evidences highlight the tendency of
GSLs to cluster together and that of cholesterol to accentuate it
even further, giving rise to GSL-cholesterol enriched microdomains
[15–22].
Till date, of the several hundred glycosphingolipids found in
biological membranes, biophysical characterization has been car-
ried out on only a few molecules such as small neutral monoglyco-
sylceramides (GlcCer and GalCer), lactosylceramides (LacCer),
gangliosides GM1 and GM3, and sulphatides. All glyco-
sphingolipids have a sphingoid base and a long amide-linked acyl
chain. Very often these acyl chains are hydroxylated which aug-
ments the capacity of these molecules to form hydrogen bonds
and hence the observed Tm for these molecules is much higher than
expected compared to the corresponding sphingomyelin molecule.
The structure of the polar head group may vary considerably fromFig. 2. A schematic representation of plasma membrane lipid raft. The orange cylinde
structures) in its vicinity thereby forming clusters in the liquid-ordered phase or a m
membranes as is observed experimentally. It also serves as scaffold for assembly of sign
other cytoplasmic (green) and transmembrane (yellow-red) proteins.a single neutral monosaccharide to the large charged sialic acid in
case of gangliosides. A large hydration shell is often formed at the
head group of glycosphingolipids which increases with an increase
in the number of saccharide moieties attached. A balance between
the repulsions among the large head groups and attractive hydro-
phobic interactions as well hydrogen bonding directs the mem-
brane behavior of these molecules. Due to large difference in Tm
values, glycosphingolipids segregate from phospholipids in mem-
branes and form domains with high lateral packing density. This
high density prevents mixing of cholesterol with these glyco-
sphingolipids unlike the case with sphingomyelins. Acyl chain
length of glycosphingolipids also plays a major role in determining
the partitioning pattern of these molecules between domains;
however, very few biophysical studies have been carried out in this
respect [23–27].
3.1. Neutral glycosphingolipids
Small neutral glycosphingolipids display complex behavior un-
der thermal ﬂuctuations as a consequence of varying acyl chains.
The transition temperatures of these molecules are particularly
higher than sphingomyelins and glycerophospholipids. In a recent
series of ﬂuorescence quenching experiments co-localization of
cholesterol with these small neutral glycosphingolipids was inves-
tigated. GalCer, GlcCer and LacCer with palmitic acid at the N-
linked position were taken up for the study [28]. The formation
of sterol-enriched domains in a ﬂuid bilayer was examined using
cholestatrienol (CTL) as a ﬂuorescent reporter molecule. Data from
another ﬂuorescent probe (trans-parinaric acid, tPA) showed that
ordered domains were present initially in the palmitoyl GalCer
(PGalCer), palmitoyl GlcCer (PGlcCer) and palmitoyl LacCer (PLac-
Cer) containing bilayers. It was observed that the domain forming
properties depended upon the stereochemical orientation of one
hydroxyl group in the sugar moiety, while comparing GalCer and
GlcCer. It was observed that GalCer alone at 30 mol% concentration
formed ordered domains which dissociated in a complex two step
process upon temperature rise. On the other hand, GlcCer formed
domains displaying a comparatively more cooperative dissociation
behavior, but a relatively lower thermostability [29–31].
Differential behavior in glyceroglycolipids has been observed
while comparing glucose versus galactose derivatives through sim-
ulation studies. In the concerned study, both dipalmitoyl galacto-
sylglycerol and dipamitoyl glucosylglycerol had more ordered
acyl chains than dipalmitoyl phosphatidylcholine at the same tem-
perature (70 C). On closer analysis, it was noticed that the afﬁnity
of the galactose head group to participate in hydrogen bonding was
higher than that of the glucose head group with the galactosers represent cholesterol which allows for segregation of glycosphingolipids (pink
icrodomain (lo). This clustering effect enhances the agglutinability of liposomal
aling molecules such as glycophosphatidylinositol-anchored proteins (brown) and
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cose hydrogen bonded more to water, in spite of a similar head
group orientation [32]. This is in concurrence with previous phys-
icochemical studies which have indicated that galactoglycerolipids
confer higher stability to membrane phases than the correspond-
ing glucoglycerolipids.
In another study, it was observed that pure LacCer or GlcCer can
form lateral domains that contain some cholesterol, whereas those
formed by pure GalCer for the most part leave out the sterol. Thus,
studying the domain forming behavior of LacCer revealed that the
size of the head group was not the major determinant for the
capacity of the glycosphingolipids to form ordered domains as it
behaved in a fashion similar to that of monoglycosylceramides. It
was therefore inferred that the strong cohesion between PGalCer
molecules confers conformational restraints which prevented the
partitioning of sterol into these domains. Yet, a contradictory study
observed GalCer/cholesterol/1,2-di-palmitoyl-sn-glycero-3-phos-
phocholine (DPPC) mixtures using vibrational infrared spectros-
copy wherein the formation of small domains was clearly seen
which implied that cholesterol had a predilection towards GalCer
over DPPC at all temperatures [33]. The role of cholesterol in do-
main formation hence is still a matter of debate.
Since the introduction of the simple method of liposome elec-
troformation in alternating electric ﬁeld giant unilamellar vesicles
(GUVs) have become an important model imitating biological
membranes. Due to the average diameter of GUVs reaching up to
100 lm, they can be easily observed under a ﬂuorescent or confo-
cal microscope. GUVs can be formed from different lipid mixtures
and are stable in a wide range of physical conditions such as pH,
pressure or temperature. Studies on supported lipid bilayers and
GUVs containing GalCer (with mixed acyl chains), cholesterol and
various ﬂuid phase phospholipids imaged by atomic force micros-
copy (AFM) and ﬂuorescence microscopy, respectively, have re-
vealed some details about the structure of domains in such
systems. In the supported lipid bilayers the GalCer seemed to be
distributed to the leaﬂet distal to the mica substrate rendering
these membranes asymmetric. Although the distribution of GalCer
domains in GUVs was symmetric, it showed results similar and
comparable to supported lipid bilayers. Mixtures of 1,2-di-lau-
royl-sn-glycero-3-phosphocholine (DLPC)/GalCer/cholesterol at
varying concentrations displayed only gel–ﬂuid co-existence, indi-
cating that with this particular glycerophospholipid, cholesterol
was excluded from the GalCer-rich domains. In a separate set of
experiments it became clear that interactions between cholesterol
and GalCer in this type of three-component membranes is depen-
dent upon the third component of the ﬂuid phase which was either
DLPC or 1,2-di-oleoyl-sn-glycero-3-phosphocholine (DOPC) or 1-
palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC). In cases
where the interactions between this third component and choles-
terol were disfavored, GalCer and cholesterol formed lo-phase do-
mains, with the acyl chain length and degree of unsaturation also
acting as deciding factors for partitioning and distribution [34].
Sphingomyelins, another signiﬁcant component of the mem-
brane, have also been shown to form sterol-rich domains in mixed
bilayer membranes. Upon inclusion of small neutral glyco-
sphingolipids (equimolar to sphingomyelin) into mixed bilayers
with POPC, sphingomyelin and cholesterol the ﬂuorescence
quenching results obtained conﬁrmed the existence of interactions
between ceramides with the palmitoyl sphingomyelin (PSM)/sterol
domains. It was observed that these glycosphingolipids do not ex-
clude or displace sterols from domains, rather associate with them
making them more stable against temperature induced dissocia-
tion. This observed behavior is in striking contrast to that of cera-
mides which tend to interact with cholesterol only when present in
high-Tm lipid bilayer. Though there have not been studies which
suggests interaction between cholesterol and any sphingo/phospholipid in a manner as good as that of sphingomyelin, it is
implied that glycosphingolipids favor the formation of sterol-en-
riched domains in biological systems [35,36].
It is probable that all the discussed membrane forming proper-
ties of small neutral glycosphingolipids play a signiﬁcant role in
their sorting between different subcellular membranes as per
requirement.
3.2. Sulfatides
Sulfatides are negatively charged glycosphingolipids, which are
minor constituents of most eukaryotic membranes but are found
more abundantly in the nervous system. They form an important
constituent of the myelin membrane and have been found to func-
tion as receptors for neurotransmitters, endorphins and heat shock
protein Hsp70 besides a few other molecules [37,38]. Sulfatide
(galactosylceramidesulfate) presents us with an example of how
a charge in the head group of a glycosphingolipid might inﬂuence
the membrane behavior. Also, the results from studies carried out
on these molecules are not complicated by the effect of large head
group structures as those present in other charged glyco-
sphingolipids like the gangliosides. Sulfatides are found in the
detergent-insoluble fraction of the myelin membranes, suggesting
that they are involved in lateral domain formation. They interact
with GalCer moieties which have proven to be vital for the stability
of the myelin in the central nervous system. Therefore, besides
being enriched with sulfatides, the myelin membranes are also
highly enriched in both GalCer and cholesterol [39].
Studies carried out on model membranes have shown that sul-
fatides escape antibody recognition in a SM/cholesterol environ-
ment in contrast to a phosphatidylcholine/cholesterol
environment, underlining major differences in their interaction
pattern with sphingolipid versus glycerophospholipid rich mem-
branes. Analysis of partitioning properties using AFM showed that
sulfatides generally localize in ordered domains in the bilayers
[40]. Membrane properties of sulfatides have often been studied
in conjunction with a wide variety of acyl chains of different
lengths and degree of hydroxylation. It is quite clear, as for the
other glycosphingolipids, that the ceramide part of the sulfatide
molecule will inﬂuence their membrane properties. Studies carried
out by another research group have shown that N-palmitoyl-sulfa-
tide has a transition temperature signiﬁcantly lower than that of
the corresponding non-sulphated GalCer. N-Palmitoyl-sulfatide oc-
curs in two different gel phases of different stability and its com-
plex thermotropic behavior is highly dependent on the hydration
level. At low, physiologically relevant concentrations, it readily
partitions into ordered domains together with other sphingolipids,
such as SM and GalCer, and cholesterol [41]. Hence, one can infer
that sulfatide is most liable to participate in lateral domain forma-
tion with other sphingolipids in biological membranes. Neverthe-
less, when they represent the only sphingolipid in the bilayer the
charge repulsions between sulfatide molecules results in ordered
domains that are usually very thermotropically unstable compared
to domains formed by a corresponding GalCer under similar
conditions.
The membrane thermotropic properties of sulfatides have also
been shown to be inﬂuenced by divalent cations, especially with
calcium playing a signiﬁcant role. In the presence of calcium a con-
densing effect on a pure sulfatide monolayer is detected, demon-
strating a reduction in repulsive forces or an increase in
attractive intermolecular interactions between sulfatide molecules
within the plane of the membrane. In bilayers composed of a sat-
urated phosphatidylcholine mixed with sulfatide the phase transi-
tion temperature is increased in the presence of mM
concentrations of calcium as determined by diphenylhexatriene
(DPH) anisotropy [42]. As studied by Fourier transform infrared
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hydrogen bonds of the head group are reduced within pure sulfa-
tide bilayers when calcium binds to the sulphate group. The bind-
ing causes molecular rearrangements in the head group region so
that the bilayer properties of the molecules are signiﬁcantly chan-
ged. Calcium has also been found to stabilize the inter-membrane
carbohydrate–carbohydrate interactions between GalCer and sul-
fatide underlining its importance as an inﬂuential factor in modify-
ing membrane properties [43].
3.3. Gangliosides
Gangliosides constitute a structurally more multifarious group
of glycosphingolipids. The segregation of these complex glyco-
sphingolipids into domains in biological membranes is a well
established fact, as is also the fact that this is a cholesterol-inde-
pendent process. Several studies have described the importance
of the special physicochemical properties of these glyco-
sphingolipids, for the attainment of observed properties of mem-
brane domains in biological membranes. Increasing evidence is
being gathered of late which point to the fact that glyco-
sphingolipids are actively involved in various cellular events. Rear-
rangement of these molecules within the membrane upon external
stimulus is vital for transmittance of signaling events that take
place at the cell surface [44 and references therein]. However, re-
sults from several studies that have been carried out do not reach
a consensus on the distribution pattern of different gangliosides
across domains. It also seems evident that a redistribution of gan-
gliosides, as well as other, membrane components continuously
happens during the life cycle of a cell and that the distribution
therefore might be hard to predict [45 and references therein]. It
is especially important to keep in mind that glycosphingolipids
are found almost exclusively in the outer leaﬂet of the plasma
membranes of cells. On the other hand, this asymmetric distribu-
tion is most often lost in the model membranes constructed for
studies. Within cellular environment, long acyl chains in combina-
tion with an asymmetric distribution might lead to interdigitation
of acyl chains into the opposing leaﬂet of the bilayer. These effects
largely remain obscure in model membranes. To form membrane
models which accurately imitate the biological membrane and
henceforth study the distribution of membrane components as
well as domain dynamics in response to various stimuli is cur-
rently the foremost challenge for researchers in the ﬁeld.
In a recent work carried out by Rosetti et al. [46], the phase
location of components of myelin membranes was studied by
immunolabelling of these complex lipid–protein mixtures after
Langmuir–Schaeffer ﬁlm transfer to silanized coverslips. It was ob-
served that ganglioside GM1 in such mixtures distributes into the
liquid-expanded phase, whereas GalCer and cholesterol localized
predominantly in the lo-phase domains. In a sphingomyelin based
bilayer, surprisingly two types of segregation have been observed,
one sterol–SM domain and one GM1–SM domain. Further, from
studies on separation of liquid phases in mixtures of phospholipids
and cholesterol, it has become evident that the partitioning of a
ganglioside like GM1 might vary signiﬁcantly depending on the
surrounding lipids. Additionally, a monolayer study characterizing
the interaction of GM3 ganglioside with POPC versus SM shows
that this glycosphingolipid has no direct preference for either
one of these bulk lipids; however, cholesterol has a stronger inter-
action with SM [46–48]. Studies like these indicate that GM1 and
cholesterol would not readily co-localize. Nonetheless, it has been
known for a long time already that GM1 and cholesterol can be en-
riched in the same membrane domains, since these lipids are both
found in the caveolae. In epithelial cells it has also been shown that
GM1, but not GM3, co-localized in the same domains with choles-
terol. The variations in observations may be a direct or indirect re-sult of differences in techniques and methods used to detect them.
On the other hand, another possibility could also be the difference
in stages of differentiation of cells or different active cellular pro-
cesses which may lead the glycosphingolipids to be organized dif-
ferently between lateral membrane domains. Evidences for
partitioning of gangliosides, like other glycosphingolipids, between
different phases largely as a result of the acyl chain composition,
rather than by the head group have been found by some research
groups [41]. Conversely, however, it has also been suggested that
the partitioning of gangliosides between domains will signiﬁcantly
depend on the number of sugar residues in the head group.
An interesting feature of gangliosides that has been observed is
that clusters of GM1-rich domains within gel-phase domains in
phosphatidylcholine monolayers form and have been detected
using AFM on monolayers on solid support. The question how
GM1, which displays liquid-expanded isotherms in surface mono-
layers can come to reside in ordered domains in more complex li-
pid mixtures was answered by a series of experiments where it
was found that the ganglioside condenses the DPPC monolayer at
concentrations lower than 25 mol% of ganglioside thereby indicat-
ing that there is a different condensed phase formed by these stoi-
chiometric complexes in co-existence with DPPC condensed
domains and DPPC liquid-expanded domains in the monolayer
[49,50]. Parallel computational simulations on GM1 effects on
DPPC bilayers were carried out where the addition of up to
25 mol% GM1 to a DPPC bilayer at 52 C was observed to lead to
a condensing effect on the DPPC molecular area [51]. The addition
of GM1 to a DPPC bilayer was also shown to increase the simulated
deuterium order parameter of the hydrocarbon chains order pro-
ﬁle, a result which is consistent with the GM1 induced condensing
on DPPC molecular area seen both in the simulations and in the
monolayer study mentioned above. It can therefore be inferred
that gangliosides may exhibit the tendency to form ordered do-
mains or complexes within ordered domains formed by other
membrane lipids; but these are not easily detected by the current
tools available and hence are difﬁcult to delineate.4. The regulation of glycosphingolipid composition of the
plasma membrane
In accordance with the situations described in preceding para-
graphs it can be impressed that any change in the glycosphingo-
lipid composition of the plasma membrane in any given cell type
would have signiﬁcant and noteworthy consequences; therefore,
all mechanisms or procedures causing these changes are highly
signiﬁcant in understanding the functions of these molecules.
The vesicular transport of newly biosynthesized sphingolipids oc-
curs from the endoplasmic reticulum and the Golgi apparatus to
the plasma membrane. Any changes brought about in the enzy-
matic activity along the biosynthetic pathway would directly
inﬂuence the synthesis and expression of glycosphingolipids and
may result in transformation or differentiation of cells depending
upon the site of expression. Therefore, a tight regulation of the
pathway is essential. Several mechanisms, both local and long
range, are responsible for regulating the composition of plasma
membrane at any given time in a particular cell. The sphingomye-
lin/ceramide ratio can be locally modulated in the membrane,
possibly in response to various stimuli or physiological events,
with clear changes observed on the organization of sphingolipid-
enriched membrane areas, by enzymes such as sphingomyelinases
(present in or translocated to the plasma membrane, converts
sphingomyelin into ceramide). In addition, a plasma membrane-
associated sphingomyelin synthase (SMS) enzyme activity, distinct
from the Golgi enzyme, has been identiﬁed which also participates
in modulation of plasma membrane composition. A speciﬁc
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known to have a role in modifying the ganglioside composition
at the cell surface, acting on glycosphingolipid molecules present
on the surface of adjacent cells as well [52]. Likewise, the presence
of sialyltransferase activities at the cell surface has also been re-
ported, Thus, glycosylation/deglycosylation cycles might be very
important mechanisms responsible for rapid and possibly transient
changes of the plasma membrane glycosphingolipid composition
and the consequent microdomain formation [53]. The presence of
other active enzymes such as glycosylhydrolases, b-glucosidase,
b-galactosidase and b-hexosaminidase, has been demonstrated in
the plasma membrane; implying that local hydrolysis of glyco-
sphingolipid at the cell surface might represent a general mecha-
nism for the control of glycosphingolipid composition [54,55].
Glycosphingolipids segregate in biological and model mem-
branes forming gel-phase-like domains, which may be incorpo-
rated into other ordered domains or exist as separate domains in
the bulk ﬂuid bilayer. The partitioning of different glycosphingo-
lipid species between lateral domains seems to be a complicated
function of their structural features including both polar head
group and ceramide backbone. Although SM readily associates
with cholesterol, forming lo-phase domains, the evidence indicates
that glycosphingolipids do not readily form cholesterol-enriched
domains by themselves. However, mixed SM- and glycosphingo-
lipid-rich domains appear to incorporate cholesterol. This might
explain how all of these components can be found in the same do-
mains in biological membranes. However, we should remember
that in cellular membranes glycosphingolipid–protein interactions
probably inﬂuence the lateral segregation of these components.5. Spatial organization and dynamic properties of membrane
domains
Increasing interest in lipid rafts over the last few years has led
to the reﬁnement and development of biophysical techniques with
the ability to study membrane architecture at resolutions previ-
ously deemed impossible. Initially, it was assumed that lipid rafts
constitute a small fraction of the plasma membrane surface and
facilitate protein–protein interactions by concentrating them into
a small area. However, ﬂuorescence anisotropy and recent ESR
experiments show that a substantial (60–70%) portion of the plas-
ma membrane lipid can be in a lo state. Consistent with this, imag-
ing studies by Maxﬁeld and co-workers reveal large,
interconnected regions of plasma membrane containing lipid raft
markers under conditions of membrane perturbation by non-ionic
detergent or cholesterol depletion [56]. In a recent study, FRET
measured between carbocyanine lipid probes has been used to
investigate the lateral organization of lipid components of the plas-
ma membrane of living RBL-2H3 mast cells. A combination of het-
ero-FRET between donor/acceptor pairs and homo-FRET measured
by ﬂuorescence anisotropy indicate that carbocyanine lipid probes
segregate in the outer leaﬂet of the plasma membrane based on
their alkyl chain structure [57]. The results are consistent with or-
der-dependent segregation of lipids in the plasma membrane of
live cells on a spatial scale of tens of nanometers. These results, to-
gether with ESR evidence for lo/ld-like domain segregation in live
cells, provide strong evidence for the relevance of ﬂuid/ﬂuid phase
separation, as characterized in model membranes and isolated
plasma membrane vesicles, to fundamental cell physiology [58].
Pulse EPR spin-labelling experiments used to determine the
half-life of lipids in rafts suggest that either rafts are very short
lived and/or raft molecules rapidly diffuse in and out at a time scale
of 100 ls or less. There have been a number of single particle
experiments examining the diffusion behavior of raft components,
and experiments involving observation at video rate (30.3 ms/frame) from different groups suggest that raft sizes can be any-
where in the range of 26–500 nm. Kusumi et al. measured the dif-
fusion of ﬂuorescent lipids and GPI proteins using extremely high
time resolution (25 ls/frame). They conclude from these results
that the plasma membrane is compartmentalized by membrane
skeleton fences (picket and fence model) into 30–230 nm domains,
depending on cell type, with membrane molecules undergoing
conﬁned diffusion at short time scales and hop diffusion over long-
er times. Their results suggest that single antibody conjugates of
raft molecules diffuse as extremely small species, i.e. either as
monomers or as very small pre-existing assemblies, but not as part
of large-scale stable rafts [59]. In 1975, Saffman and Delbruck pro-
posed the hydrodynamic theory of lateral diffusion of individual
membrane molecules and small clusters of molecules. According
to this theory the two would essentially be similar in a two-dimen-
sional plane, as the diffusion coefﬁcient has a weak dependence on
the size and therefore, single molecule diffusion of both, the non-
raft molecules and the raft molecules trapped in small rafts would
be similar [60]. Conversely, by Kusumi’s picket and fence model, it
can be envisaged that in the presence of cytoskeletal elements
there can be substantial resistance to larger clusters while single
molecules/small clusters can escape through dynamic gaps be-
tween the picket proteins bound to membrane skeleton fence. If
raft components are stably conﬁned to lo domains, then these do-
mains must be small enough to diffuse through the gaps between
the cytoskeletal proteins, suggesting a radius of the order of 2–
9 nm, the average gap between pickets in different cell types.
Yet, as individual raft markers are expected to diffuse in and out
of lo domains with only small differences in their diffusion coefﬁ-
cient in each environment, preference for a lo environment does
not, beforehand, predict reduced diffusion of individual molecules,
even for the case of larger lo domains [61].6. Concluding remarks
The emerging concept from recent studies is that lipid rafts are
dynamic, heterogeneous, nanoscale entities that determine the li-
pid environments of proteins and thereby enhance or regulate pro-
tein–protein interactions. The local environment of any protein
molecule within the raft may confer upon them subtly different
propensities for interactions with other proteins. The physical
properties of rafts such as their composition and size are contin-
gent to the state of the cell membrane where they are present.
For example, activation of membrane rearrangement by clustering
of surface receptors may result in uniﬁcation of several small het-
erogeneous dynamic molecules into larger stable rafts which serve
as platform for further propagation of downstream signaling cas-
cade. Thus, rafts can shift the balance in favor of particular inter-
molecular interactions to enhance the signaling efﬁciency. On the
other hand, extensive membrane polarization, such as that which
occurs for T cells at the immunological synapse, relies also on
simultaneous membrane protein and cytoskeletal reorganization.
In such a scenario, lipid rafts in all probability initiate the compo-
sitional reorganization of such larger signaling domains, but are
not the sole players controlling the process. The lipid raft hypoth-
esis has rekindled among researchers’ interest and thirst for under-
standing of plasma membrane structure and function. However,
much remains to be learned about the subtle aspects of membrane
heterogeneity and the role it plays in a spectrum of cellular
processes.
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